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ABSTRACT

This is the final report of work on Contract NAS7-480, covering
the period July 1, 1966 to June 30, 1967, to study the relation between
solid propellant mechanical properties and explosion effects. For a
selected geometry an imposed shock decays exponentially. Only a very
small fraction of the propellant lost in the model blast contributes
to the blast wave, and flash radiographs show an anomalous structure of
the pressure wave traveling through the propellant. Several points on the
Hugoniot of the selected propellant have been obtained, but these do not

account for this anomaly.
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INTRODUCTION

Rocket systems which have been planned may incorporate millions of
pounds of solid propellant. Furthermore, thermochemically, solid pro-
pellants are practically indistinguishable from explosives in that they
have comparable heats of reaction, Consequently, it is quite proper
that the explosive properties of large solid propellant motors be
carefully examined.

Fortunately, the hazard situation is not so bleak as some imagined.
It has been established' beyond reasonable doubt that conventional solid
motors* do not detonate in diameters less than 20 inches, and there is
evidence that the true failure diameter for detonation is larger, perhaps
considerably so, Even above the failure diameter, exceedingly strong
shocks may be required to initiate stable detonation. In conventional
jargon, the propellants are insensitive; in fact it is difficult to envision
realistic conditions which would lead to detonation. On the other hand,
solid propellant motors have been known to explode, causing considerable
damage--though much less than would accompany complete detonation,

The effects of stable detonation are predictable with accuracy
sufficient for safety engineering.? However, the far more likely
nondetonative explosions consume as yet unpredictable amounts of pro-

pellant, and thus, the accompanying blast effects are also not predictable.

* K3 3 .

In this context, these incorporate propellants consisting mainly of
ammonium perchlorate and aluminum in a rubbery binder; no explosives
are included among the ingredients. These are the only type pro-

pellant considered in this report,




The explosion of a nondetonable but normally burning propellant pur-
portedly results from a sequence of events that proceeds approximately as
follows:

(a) The propellant is subjected to a strong shock wave and is shattered.

(b) Combustion spreads over the newly formed surfaces,

(c) Because of the very large total surface area the rate of con-
sumption and, hence, of energy release is excessive. Therefore,
the pressure increases rapidly within the combustion zone, causing
the burning rate to increase,

(d) Finally, the total rate of energy release and the pressure become
so great that a blast ensues,

To test the validity of this approach, it is necessary to study the
effects of shock waves on propellants and to search for a correlation
between these effects and the associated blast waves., It has been the
aim of our research to perform this test, Before discussing the manner
in which this was done, we review pertinent areas briefly, in the next
section. These include: response of solid propellants to strong shocks;
attenuation of shock waves in solids; equation of state and plastic-elastic
transitions of model solids; and blast contribution of explosive chemical
reactions.

In subsequent sections we present a more detailed model and an outline
of the studies performed to evaluate the hypothesis, the results of these
studies, a discussion of the results and their significance, and lastly,

suggestions for additional research.



11 GENERAL DISCUSSION

A, Response of Solid Propellants to Strong Shocks

Conventional unidimensional detonation theory suggests that any
solid which decomposes exothermally can sustain a suitably initiated
stable detonation, In the real tridimensional world a revised theory
predicts, and experience confirms, the existence of a failure diameter,
i.e., a diameter below which stable detonation is impossible.® With
certain types of energetic propellants, e.g., those containing nitro-
glycerine, conventional explosives, etc., this failure diameter is small,
perhaps of the order of fractions of a centimeter, Fortunately, for those
propellants which we choose to call "conventional" (ammonium perchlorate-
rubbery binder-metal powder) and for a sample with a functional integrity,
this failure diameter is very large, and stron g shocks would probably
be required to initiate detonation in even these sizes, However, should
the propellant grain be fragmented, burning may spread over the large
exposed surface area and become explosively rapid. Though the directed
burning rate may be below detonation velocity, the net mass consumption
rate may be comparable to that of detonation, There is ample evidence
to support the hypothesis that solid propellant explosions can result
when a normally burning grain is subjected to a strong shock. This
shock, which may originate internally or externally, shatters a portion
of the propellant, thus exposing large areas to burning and ultimate

explosion,!



B. Attenuation of Shock Waves in Solids

A shock wave is characterized as a region of abruptly rising
pressure traveling at a velocity which is supersonic with respect to
the unshocked medium. To an observer moving with the wave the medium
appears to be moving into the wave. The pressure profile is as illus-

trated in Fig. 1.

L
REACTING
P ¢ MEDIUM
G—
—_—
X

FIG. 1 SHOCK WAVE PRESSURE PROFILE

If the energy is supplied to the wave at a constant rate, the peak

pressure remains constant. Detonations represent systems in which the
requisite energy is supplied by rapid chemical reaction and the detonation
pressure is defined by the stoichiometry and thermodynamics of the reaction
and its products. In the absence of chemical reaction (or, for real systems,
if the reaction is too slow) the peak pressure decreases with time--often
exponentially--and in a very short time and distance decays to a sonic
wave. This process apparently occurs in propellants which either are below
failure diameter or are subjected to shocks weaker than those required

to initiate a stable detonation. Under these circumstances a finite

region of the shocked propellant sample will have been subjected to a

monotonically decreasing pressure wave. With real samples of a specific



propellant a relatively few experiments will provide the necessary data
to define the peak pressure history of any plane beyond that initially

shocked., The results for a cylindrical acceptor can be expressed as

follows:
-kxx -ktt
P = Pe or P, = Pe ,
X o t o
where
P0 = 1incident peak pressure
X = distance from incident plane
t = time elapsed since imposition of shock
kx’ kt = constants
PX = peak pressure attained at x
Pt = peak pressure in wave at t.

C. Equation of State and Elastic~-Plastic Transitions

The conventional equation of state relates the pressure, volume,
and temperature of a system at equilibrium with its environment regard-
less of its history. For the moment, however, we must be concerned with
the Hugoniot equation of state, which describes the states attainable by
shocking a sample from a given set of starting conditions, generally
ambient pressure and temperature, For final pressures of the order of
many tens of kilobars a typical Hugoniot is shown in Fig, 2, The very
low pressure portion of the Hugoniot is often linear as exaggerated in

Fig. 3,
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FIG. 2 HUGONIOT (High Pressure) FIG. 3 HUGONIOT (Low Pressure)

The behavior below Pt is characterized as elastic, that above Pt is

plastic. 1In the elastic region deformation is reversible, in the plastic

region it is not. Generally P, is of the order of < 10 kbar. Experiments

t
to determine the general shape of the Hugoniot and the value of Pt for

a specific propellant have been developed in recent years (see for

example, Charest et al.%).

D. Blast Contribution of Explosive Chemical Reactions

Predicting the blast effects of a stable detonation is relatively
simple.® For moderate accuracy one needs only the heat of explosion of
the reactant. 1In fact, it may be that the scatter in the reported
results is attributable to limitations of pressure measurements rather
than to limitations of the model. It is convenient to express blast
effects in relative terms. Thus, we use the term "TNT equivalent" in
mass units to describe any explosion in terms of the mass of TNT required

to produce the same effect. 1In percentage units, TNT equivalent describes



the efficiency of a given explosive. Most chemical explosives have

TNT equivalents in the range of 90 to 110%,5 as do most high energy
detonating solid propellants; and for damage predictions, the differences
are insignificant.

For nondetonating exploding systems, the fraction consumed by
violent reaction is a function of many factors. In these instances TNT
equivalence is meaningless except as it relates to a particular system
subjected to a particular perturbation. However, it is an interesting
speculation that the blast accompanying the explosion of a solid propel-
lant is directly related to the fraction consumed at shock velocity.

We can describe an experiment to examine this hypothesis. Assume a
strong planar shock wave is imposed upon a cylindrical propellant sample
(Fig. 4). Measure both the attenuating velocity of the shock as it
travels through the sample and the blast caused by the accompanying
explosion. Analysis of the data will locate a hypothetical plane A
beyond which (approximately) the propellant does not contribute to the
blast. It is to the correlation of this analysis with physical properties

that the approach of the next section is directed.

BLAST
MEASUREMENTS -A'
s /
w
A
> A
|
— P
[
O S N
VELOCITY MEASURING STATIONS
TA-6150-34

FIG. 4 SHOCK IMPOSING ON SAMPLE




IIT SCOPE OF RESEARCH

A, Model: Correlation of Blast Damage with Propellant Properties

The pressure of a shock wave passing through a propellant (Fig., 4)
can be calculated from the shock velocity and the Hugoniot.?® Conse-
quently, the pressure-distance behavior of the wave is known, From this,
we can determine the distance the wave must travel for the pressure to
drop to Pt’ the elastic-plastic transition point. This result is then
compared with the calculated location of plane A to obtain the answers
to the following:

(a) Above what pressure, PB’ must a propellant be shocked to con-

tribute to a distant blast wave?*

(b) How does this pressure, P relate to Pt? The model

B’
suggests that PB ~ Pt‘

An experimental program was designed to test the feasibility of

using this model for broader application,

B. Research Approach

From the foregoing it is apparent that information from different

sources was required for the study. For one sample propellant, we must

It is tension not pressure which ruptures the propellant, but the magni-
tude of the tension is determined by the steepness of the rarefaction
following the shock. Presumably this steepness is also defined by the
shock amplitude, As pressure can be measured and not rarefaction, it

is convenient to relate fragmentation to pressure,



determine (a) the Hugoniot, (b) shock attenuation equations, (c) blast
effects accompanying propellant shocking,* and (d) quantity of pro-
pellant destroyed by an explosion, Of these, only the Hugoniot is a
specific property of the propellant itself, The remainder depend upon
test geometry; experiments to obtain the needed information were all
performed with one configuration. No particular arrangement has any

a priofi theoretical advantage. Because of the availability of the donor
pellets and because there is considerable information on the behavior

of Lucite and/or Plexiglas in the same geometry, we chose to test speci-

mens conforming to the dimensions of the NOL gap test:!

Shock donor: two tetryl pellets, each 2 in. diam x
1 in, thick, density = 1.51 g/cc.

Propellant acceptor: 2 in, diam x 4 in. long,

The unreacted Hugoniot can be obtained in a number of different
ways--all adequately described elsewhere.® Essentially each imposes
a plane shock wave on the sample. The particle and shock velocities
of the sample are measured using reflected light or aquarium techniques;?
the hydrodynamic conservation equations are then used to calculate the

desired pressure-velocity data. The procedures are relatively simple

*We distinguish between blast and shock: (a) The shock wave propagates
within the propellant; its source is an explosive donor, (b) The
blast wave propagates through the air; its source is the donor plus the
propellant. Technically both are shock waves, but this usage is con-

sistent with present jargon.



for pressures above 50 kbar, but become more exacting at lower pressures,
The actual methods used are discussed in a later section,

To obtain shock attenuation data a strong shock is imposed on the
sample in the test geometry, and electronic techniques are used to
measure the time of arrival of the shock at each of several planes in the
sample.” These data are reduced to equations which relate shock velocity
to position and elapsed time,

To obtain the blast data, samples, in the specified geometry, are
subjected to the donor shock and gauges arrayed along radii from the
charge center. In our experiments, the output of special piezoelectric
gauges was recorded and interpreted, directly, as pressure~time data.
Other gauges were used to record the arrival time of the blast wave at
the gauge position. The blast wave velocities were calculated from the
intergauge distances, and the peak pressures were computed from the
equation of state for air. The information from these tests is used
to compare the effect of the propellant with a comparable quantity of
detonating explosive, The comparison is expressed in terms of the donor
charge.,

After the model explosions the propellant samples were recovered
to determine the amount destroyed by the explosion. To supplement the
measurements, we also made flash radiographs during some of the explo-

sions.
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Iv EXPERIMENTAL AND THEORETICAL STUDIES

A. Propellant Selection

It has been the aim of this program to study the blast resulting
from the explosion of a ''conventional" composite propellant. It is
important that the selected propellant have notable batch-to-batch uni-
formity,bespecially with regard to mechanical properties, long-term
ambient stability and easy machining. On the basis of past experience
with many propellants, the formula given in Table I and designated as
PBAN-170 was used in all our studies on this program. The density of one
batch and the mechanical properties of three specimens from the batch
are listed in Table II. The burning rate curve for a typical specimen
is shown in Fig. 5.

TABLE I

FORMULA OF PBAN-170

Ingredient Weight Percent

Ammonium Perchlorate,

Unground 44.20
Ammonium perchlorate,

avg. diam. 11u 23.50
Aluminum, V.M.* H-322 15.00
Dioctyl adipate 2.40
PBAN-terpolymer 10.886
Nadic Methyl Anhydride 0.588
Dow epoxy resin 332 2.926
Iron oxide, CKW** R-5098 0.50

*
Valley Metallurgical Corporation, Essex,
Connecticut.

*%k
C.K. Williams & Company, Easton, Penn-
sylvania.
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TABLE II
PROPERTIES OF PBAN-170

(at ambient temperature)

Density 0.061 1b/in.%

Specific Gravity 1.69

Specimen No.

2

%
Mechanical Property:

|
|W

Maximum tensile strength,
Sm’ psi 114 116 113

Tensile strength at break
Sb, psi 89.5 89.7 89.8

Elongation at break 0.59 0.60 0.58

Elongation at maximum
tensile strength 0.39 0.43 0.40

in/sec

*
Crosshead Speed, 2 in./min.

o6 1 T T T T 7T

0.5 — BATCH 416 —]

0.3 |— —

oz | IR ISR NN N B

oo 200 300 400 500 600 700 800 1000
PRESSURE — psia

TA-6150-4

FIG. 5 PBAN-170 BURNING RATE
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B. Attenuation of Shock in the Propellant

1. Experimental Procedures

The experimental arrangement shown in Fig. 6 was used to measure
the velocity of the decelerating donor shock as it traversed the pro-
pellant acceptor. The donor consisted of a pair of tetryl pellets,
each 2 inches in diameter by one inch thick, density (nominally)

1.51 g/cc. The acceptor was of PBAN-170, 2 inches in diameter and of

specified length.

BaTiOz CRYSTAL

_L—rBaN 170

ION
PROBE ™l oo oo
M— TETRYL
BOOSTER
18" PRIMACORD
E;t:EBw
DETONATOR

TA-6150-6

FIG. 6 SHOCK ATTENUATION TEST
ARRANGEMENT

The transit time of the donor shock through the propellant was
measured with a raster oscilloscope which was triggered when the detonator
was initiated. This procedure produced a record of the instant when
the shock wave passed the ion probe and when it arrived at the BaTiOj
piezocrystal probe. Time on the raster was resolved accurately to
better than 0.05 usec. Thus each interval, which involved two readings,

2

1
was accurate to within 0.07 psec, i.e., 0.07 = (0.05" + 0.052)2.

A total of 53 shots were made; the results appear in Table III.

13



TABLE II1I

SHOCK ATTENUATION DATA

Pellet Thickness

Transit Time

mm usec
1 2 3 4

6.60 1.30

6.76 1.35

6.86 1.33

6.88 1.40
13.11 2.60

13.13 2.55

13.16 2.70

13.18 2.60
18.92 3.95

19.05 3.95

25.4 5,40 5.45 5.35 5.40
31.75 6.90 7.00 6.90 7.00
38.1 8.48 8.55 8.53 8.60
43.97 10.03

44.40 10.03

44.60 10.28

44.96 10.33
50.8 12.10 12.00 12.05 12.00
63.5 16.15 16.05 16.05 16.23
76.2 20.85 20.60 20.50 20.60
87.50 25,25 24.98

89.15 25.35

90.30 25.65
98.68 29.15
101.45 30.28
102.62 31.90
115.21 35.35
115,42 35.60
127.41 40.80
127.69 41.30
140.26 46.25
140.84 47.00
153.04 52.50
153.16 51.55

14




*
2. Mathematical Analysis

There is no proven theory to describe the velocity decay of a shock
wave in a finite inert cylinder. By analogy with other attenuation
phenomena (e.g., light absorption), it is heuristically attractive to
postulate an exponential decay law. There is some experimental justifi-
cation for this and we pursue this approach here.

For the geometry of the attenuation test, let x be the distance that
the shock has traveled in time t, let c be the longitudinal sonic velocity
in the cylinder, and V, k, and o be constants. The boundary conditions

imposed by the physical regime are:

x =0, (1a)
for t =0 x>0, (1b)
X <0, (1c)
x is large (~ ct), (2a)
for large t X = ¢, (2b)
% = 0. (2¢)

Our assumption is that x is of the form:

x = Ve (3a)

But, to conform to the requirement (2b) we change this to

X = Ve + cC. (3b)

*Mr. J. Martin Gorfinkel of the Institute's Mathematical Sciences

Department aided in the preparation of this section.
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Integrating (3b) gives

v -
x= - —¢ Kt + ct + o. (4)
k
From (la), o = V/k; therefore,
x=—§e_kt+ct+‘—l:. )
Differentiating (3b) gives
% = - kve Xt (6)

Equations (5), (3b), and (6) satisfy the requirements of conditions

(1) and (2), to wit:

t =0 0 V+ec -kV
large t ~ct c 0

Thus, if the hypothesis is correct, the data should fit equation (5).

There is no simple regression formula by which a least squares fit
of x and t can be used to evaluate V, k, and ¢, none of which is known
a priori.

However, equation (5) may be written in the form:

x = Al - e K% . Bt N

where A, B and K are constants. If it is assumed that x is observed

with some error, then we can write
-Kt
x =A( - e ) + Bt + € (8)

o}

where € is an error term and x0 is the observed value of x.

16



We want to find A, B, and K to minimize

vix - [AQ1 - e_Kt) + Bt]{® =T € (9

where the summations are taken over all the sample points. We make
two observations:

(1) 1If K is known, then solutions for A and B may be found easily
and analytically. They are

A = ZXy-B3Yty

e a0
and
R AT an
where
g =1 -kt

and all summations are taken over the entire data set.

(2)

If A and B are known, the equation (7) can be solved for K:

I B w— . (12)

Define a variable z, for each observation, to be

A+ Bt - x
o

A . (13)

A natural estimate for K given A and B would be

(14)

17




If the errors were all zero and the data fit the model exactly, then
the variance of the z's would be zero. Thus the variance of z will be a
measure of the goodness of fit of the model.

The scheme adopted for finding A, B, and K is as follows:
(1) Guess a value of K.

(2) Estimate A and B from equations (10) and (11) using the
estimated value of K.

(3) Estimate K from equation (14) using the estimates of A and B.

(4) Repeat steps (2) and (3) until there are no more significant
changes in the estimates.

When this method is applied to the entire set of data, it tends
to converge to values of A and B with (A + Bt - x)/A < 0 for those
points with x > 115 mm. This makes the computation of K by the scheme
above impossible.

Three modifications of the fitting scheme were used and results
for each are shown in Table 1V,

Scheme 1. Only those points for which x < 115 were used.

Scheme 2. All the points were used; when (A + Bt - x)/A < 0 that point
was not used in the estimate of K on that iteration. This
method did not converge; rather it cycled with (a - Bt - x)/A
going negative on every fourth or fifth iteration for one
or more of the points. The results shown in the table were
picked from the cycle at random.

Scheme 3. All the data points were used to estimate A and B for given
K; but then only those points for which x < Xgrit were used

to find the next value of K. Results are shown for x t = 115
and 100 mm.

cri

In schemes 1 and 3 the procedure converged after about 200 jiterations,
or less than 2 minutes of computer time. Some empirical testing was
done to verify that values at which the procedure converged were indep-

endent of the starting estimate of K.
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Schemes 2 and 3 gave results that were only marginally different,
with 3b giving the best. Figure 7 lists the values of the coefficients
A, B, and K and shows a comparison of the observed with the calculated
values of x computed by scheme 3b. Also listed are values of the residuals,
the sum of the residuals, and the sum of the squares of the residuals.
Figure 8 presents a graphical comparison of the experimental and analytical
data.

In section IVB, we give an interesting comparison of these results with
those reported by Jaffe, Beauregard, and Amster.7 Those authors performed
experiments which, in every way but one, were identical to ours: in lieu of
propellant they used a Lucite acceptor and their results, also shown in
Fig. 8,are essentially identical to ours.

3. Results

Because of the excellent fit of the data with the computed coefficients
we use the following equations to represent the attenuating shock in the

x-t and x-t planes for x < 153 mm:

x = 40.21(1 - 3 09771t | 5 164t,

X = U = 3.1002 exp(-0.0771t) + 2.164.

Later we will use the second of these equations to compute the shock

pressure,
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FIG. 7 OBSERVED vs ANALYTICAL VALUES OF x
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C. Propellant Sonic Velocity

The lower limit to the shock velocity is the longitudinal sound vel-
ocity; this value also serves as an important parameter in '"anchoring'
the Hugoniot. Consequently, we performed experiments to measure the
speed of sound in PBAN-170 using the method described by Gottleman and
Evans.3 Briefly, the experiment consisted in imposing a square wave upon
one end of a long sample and measuring the transit time to the other end.
The transit time t varies linearly with sample thickness x, but because
of edge and end effects the line does not pass through the origin. The
slope of the line dx/dt is nevertheless a precise measure of the sound
velocity. The experimental results are summarized in Table V and Fig. 9.
The figure shows the linearity of the fit. From a least squares fit of
the data the speed of sound was found to be 2.132 mm/psec. This we
believe to be in good agreement with the value of 2.164 mm/ysec obtained

from the attenuation studies and reported in the preceding paragraph.

TABLE V

TRANSIT TIME OF SOUND WAVE IN PBAN-170

Sample Number Thickness Transit Time
mm Wsec
1 2.54 1.19 £ 0.1
2 5.08 2.47 £ 0.1
3 7.49 3.27 £ 0.1
4 10.16 4,41 £ 0.1
5 12.6 5.78 @ 0.2
6 15.1 6.75 £ 0.2
7 17.8 8.11 + 0.2
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D. Equation of State

1. Introductory Discussion

Classically, the Hugoniot of a material is the graphical or analytical
representation in the P-p plane of the locus of all states in that plane
that can be reached from an initial state (Po, Por Eo) by shock compression,
where P, p and E are the pressure, density, and internal energy. Unlike
adiabatic compression, which is ideally a reversible process, shock com-
pression is not reversible. The shock compression conservation equations

that relate p and p are

P-P =p U U, (15)

po/p = (Us - Up)/US, (186)

where US and Up are the shock velocity and particle velocity, respectively.
The Hugoniot is constructed from values of P and po/p. Since P0 and Po
are generally known, the Hugoniot is determined when the relation between
Us and Up is experimentally generated.

We investigated several experimental methods to obtain US and U
for PBAN-170 (see, for example, Rice et a.l.9 and Duvalllo), but only
those three which we actually used will be detailed. At the outset, it
was apparent that at least two methods would be necessary to cover the
desired pressure range: O to 100 kbar.

The methods which were applicable at high pressure, such as the
contact explosive method, do not give reliable data at pressures below
15 to 20 kbar. The low pressure methods such as the oblque shock technique
cannot be designed to give pressures greater than about 20 kbar in plastic-
like materials.
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2. Low Pressure Regime

a. Oblique Shock Method

The oblique shock method developed by Fowles11 is particularly
applicable to studying the low pressure region (0-20 kbar), within which
any elastic-plastic transition might be expected to occur. For example,
this technique was used successfully by Evans and Schmidt12 to study
Plexiglas in this same pressure region.

Figure 10 depicts the experimental arrangement we used. A shock
wave which decays Qith distance x is induced in the propellant wedge by
the detonating sheet explosive. Under these conditions the shock velocity

at any point is given by

US = UD sin @ = Ua sin v, (17)
where UD is the detonation velocity in the explosive sheet, Ua is the
velocity with which the shock intersects a plane parallel to the wedge
surface AF such as CE, and © is the angle between AF and the tangent to

the advancing wave. From geometric considerations, it is seen that
cot © = cot o + UD/Ua sin &. (18)

Thus from a measurement of ¢, UD, and Ua’ we can calculate US using equations

(17) and (18). The free surface velocity, U

, which is related to U
fs P

by the free surface approximation, Up = Ufs/z, can be determined from the

experiment.
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FIG. 10 TEST ARRANGEMENT FOR OBTAINING
LOW PRESSURE HUGONIOT BY OBLIQUE
SHOCK METHOD

The experiment consists of viewing the lighted surface of the
wedge with a streak camera. Point source lighting and a grid image
are provided by an exploding argon candle fitted with a transparent
grid. The lines of the image are perpendicular to the plane of the sketch
in Fig. 10. The arrival of the shock wave at the free surface causes
the image of the grid lines to shift. From the extent of the shift the
free surface velocities are obtained; the rate of the shift gives Ua'

The advantage of a continuous recording of the free-surface motion is
that it gives in a single experiment a range of US—U data and shows
if there is an elastic wave preceding the shock.

We were able to solve some of the problems associated with applying
this experimental method to large wedges of propellant. These included
line initiation of the sheet explosive, propellant mold releasing agents,
sﬁooth-reflective surfaces, and uncertainty in wedge angle «o. With an

error analysis we were able to show that the uncertainty in o would not
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be the limiting error. However, for reasons not fully understood our
film records are cloaked in the critical region by what appears to be
smoke--though every precaution was taken to eliminate these problems.
Because of time limitations this approach was finally abandoned. Even
though we were not able to obtain useful US—Up data, we could conclude

from these experiments that there was evidence of no elastic precursor

wave.

b. Aquarium Method

Since the oblique shock method was unsuccessful, we investi-

" T . . 13,14 . .
gated the aquarium or impedance mismatch method. In this experiment

the shock is followed as it travels from the sample into a material of
known«equatipn of state, i.e., one for which the US-Up relation is known.
This material is usually water because of its well defined equation of
state, thus the name "aquarium.” Equation (19) is then used to calculate

7,13
the particle velocity in the sample: '’

(p U)D) + (p U)
W), = @) o s Hy0 os't (19)

P HzO 2(p U),
where the subscript t stands for the material being tested. This equation

requires that the US-Up relation be known for both materials in the

pressure region about the interface.
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Figure 11 is a schematic diagram of the test arrangement. A
typical streak shadowgraph from an aquarium experiment is shown in Fig. 12.
Line A-B represents the shock in the Plexiglas. The time from B to C
is the transit time in the opaque propellant. Line C-D is the shock
transmitted into the water. Because US-Up data are also available for
Lucite equation (19) can also be applied to the attenuator-propellant
interface.

3. High Pressure Regime

The contact explosive method was employed in the high pressure region
(> 20 kbar). 1In these experiments small thin cylinders (- 2.5 and ., 5.0 mm)
were placed on a specimen plate of aluminum or brass and a plane shock
wave imposed on them. Figure 13 shows a schematic diagram of the test
arrangement. By varying the composition of the explosive donor (Comp B
or Baratol) and the thickness and composition of the attenuators, a plane
shock wave of various strengths was generated (see, for example, Coleburnls).
The transit times through the thin propellant samples and thus the average
shock velocity were measured by viewing, with a streak camera, the lighted
surfaces of the samples which had been made reflective by an aluminized
Mylar strip. The time of disappearance of the images from the free surface
mirrors above some of the samples and on the specimen plate was used to
compute the free surface velocity of the propellant and specimen plate.
The particle velocity in the propellant was calculated using both the free
surface approximation and the impedance matching method (see Rice et al.
for a discussion and analysis of both methods). A typical trace is shown
in Fig. 14. Point A is the arrival of the shock at the specimen plate
surface. The shock arrives at the propellant surfaces at B and B'. A-C
is the plate free surface time,and B-D and B'-D' are the free surface times

of the samples.
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4. Experimental Equipment

All photographic data were collected with a Beckman and Whitley smear
camera Model 770. This camera has a maximum writing speed of 10.17 mm/usec
at 3000 cps and records for 20 pysec at this speed. We used 70 mm Kodak
Tri X film which was developed in HC110 at 68°F for 6.5 minutes. A slit
of 0.05 mm was used in the contact explosive experiments while one of 0.10 mm
was used for the low pressure experiments. Lighting for the contact ex-
plosive and oblique shock experiments was provided by an exploding argon
candle. This candle consists of an open-ended wooden box 13 x 18 x 30 cm
whose inside is aluminized. The box is closed at one end by an explosive
pad and the other by a frosted glass plate. The box is filled with argon
gas which becomes exceptionally brilliant when an explosive shock is driven
into it. The electronic flash used in the aquarium experiments was a
Spiralite flash head. This flash unit was operated on a 115 AC circuit
and flashed by the smear camera triggering unit.

5. Experimental Results

The equation of state data which we obtained for PBAN-170 are
summarized in Table VI. The methods by which the data were obtained are
also listed. Many investigators have found that the relation between
US and Up is a linear one.9 Figure 15 is a plot of our data with a best

least squares fit shown by the straight line:
U =2.22 +1.71 U_.. (20)
s b

The intercept at 2.22 mm/usec is only 4.2% higher than the measured sound

velocity of 2.13 mm/ysec. Both the sound velocity and the shock velocity
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TABLE VI

EQUATION OF STATE DATA

Sample U U
Tgmp. Thickness s P P 0 /o Type of ok
Shot No.* K mm mn/ksec mm/tsec  kbar (o) Analysis
12,949 291 2,564 4,724 1.46, 116.9 0.690 1
5.08 5.00, 1,67, 141.3 0.666 1
2.564 4,724 1.464 117,2 0.689 2
5.08 5,004 1.44, 122.0 0,711 2
12,968 289 5.15 2.99 244 12,3 0,918 1
2.60 3.11 .231 12,2 0,926 1
5.15 2.99 315 16,5 0,895 2
2.60 3.11 317 16,0 0,898 2
12,974 291 2.60 4,31, 1.17, 85.5 0,729 1
5,00 4,48, 1,24, 94.6 0,722 1
2,00 4.314 1.35, 98.8 0.686 2
5.00 4,48, 1.34, 101.3 0,701 2
12,975 295 2.60 3.564 1.03, 62.3 0.709 1
5.00 3.84, 1.04, 67.8 0,729 1
12,988 293 4,95 3.39 0.609 34.9 0.820 3
4,95 3.39 0.733 42,0 0.784 4
13,002 294 4,97 2.14 0.038 1,40 0.982
4.97 2.14 0.124 4,48 0,942
13,003 294 4,97 2.23 0.147 5.55 0,934
4,97 2.23 0.248 9.34 0.889

%
Shot Nos. 12,949-12,975 were contact explosive experiments.

Shot Nos.

12,988-13,003 were aquarium experiments.

*K
Tvpes of analysis: (1) measured free surface velocity, (2) impedance
matching, (3) aquarium-water equation of state,l¢ (4) aquarium-

Plexiglas equation of state.

12 ’15
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at infinite thickness (2.16 mm/ysec) obtained from the shock attenuation
experiments are shown in Fig. 15. Equation (20) with eguations (15)
and (16) define a Hugoniot for PBAN-170. Figure 16 shows the Hugoniot
in the P—Up plane. The points were computed using equation (15) and the
experimental results. The line shown is that of equation (20), transformed
to the P-Up plane using equation (15). Classically, the Hugoniot is
represented in the P-p plane by plotting the pressure versus the dynamic
compressibility, i.e., density ratio, po/p. Such a representation is
shown in Fig. 17.

Our data do n6t show a break in the pressure-density curve that
would correspond to a plastic-elastic transition, but they do seem to
fit a smooth curve in the expected region. However, this transition may
occur at a still lower pressure (< 1 kbar) where we would not have detected
it.

Using the data for the equation of state and the shock attenuation
for PBAN-170, a pressure-shock travel distance curve was constructed.

Thig is shown in Fig. 18 for tetryl-loaded PBAN-170.

E. Air Blast Measurements

1. The Equivalence Factor

One of the objectives of this program was to determine what fraction

of a sample propellant in contact with a detonating explosive charge will

contribute to the total blast wave in air. This contribution is most readily

expressed in terms of an equivalence factor f; the basic assumption is that
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a mass W of explosive plus propellant produces essentially the same blast
wave as would a mass fW of the same explosive alone. A knowledge of the
ratio of the (specific) energy of explosion of the explosive to that of
the propellant then permits a reagonable estimate of the mass of propellant
that actually contributed to the blast wave.

A standard technique for determining f depends on the well-
established fact that, to a good approximation, the peak overpressure
ratio (or, equivalently, the shock Mach number) for most secondary
explosives detonated in air under near-standard conditions is contingent
only on the parameter rE'l/S, where r is the distance from the center
of the charge and E is the total energy released by the explosion. At
great distances, the peak overpressure ratio is affected only slightly
by the details of the charge configuration and the exact rate of energy
release. Accordingly, if two explosions with energy release E, and E

1 2

produce a given peak overpressure ratio at distances ry and rz, respectively,

we must have

-1/3 _ -1/3
rlE1 = rzE2 .

For a given explosive, E is proportional to W, the mass of the charge,

and we have

3
W2 = W1 (rz/rl) .

In the case at hand, W, is the mass of the explosive alone, and

1

w2 = fwl is the equivalent mass corresponding to the blast produced by

the explosive plus propellant. We then have

£ = (rz/r1)3,
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where rl is the distance at which detonation of the explosive alone
produces a given peak overpressure and r2 is the distance at which the
explosive plus propellant produces the same overpressure. A measure

of the extent to which the basic assumptions as to the effect of charge
configuration and energy release rate are valid is provided by the

dependence of the value of f on the peak overpressure used to determine

r

1 and r2; a further experimental check is to compare two explosive

charges of different size (without propellant) and to note the agreement
between f and the known ratio of charge weights.

Evidently, the application of this method requires the determination
of the radius as a function of peak overpressure for each explosion; if
several explosions are to be compared, the corresponding ranges of over-
pressures must have significant overlap.

2. Pressure Gauge Studies

Peak pressure-distance relations can be obtained directly from
measurements of the shock velocity. Very high frequency piezoelectric
gauges, such as the Kistler or ARC units conjoined with oscilloscopes,
give pressure-time data directly. Barium titanate piezoelectric gauges,
used similarly, will give only the arrival time. When several such gauges
are located accurately along a radius from the shock source, differentiation
of the collected data yields velocity and, from the equation of state
for air, the desired peak pressures.

Each method has its advantages. The high frequency gauges give directly
the pressure-time history and with it both peak pressure and impulse
at a given position. Even the best gauges of this class, however, suffer
from inaccuracy and, because of the complications of ancillary electronic

equipment, unreliability. They are also expensive (up to $1000 per channel).
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The time-of-arrival gauges are simple and reliable; they cost about two

or three dollars each. They do not give impulse data and peak pressure
are obtained only upon differentiation as noted above, but the equation

of state for air is known with considerable accuracy and gauge coordinates
can be precisely established. Because of the merits and drawbacks of
each type of measurements, we decided to use primarily an array of barium
titanate gauges in conjunction with a pair of high frequency gauges. For
this reason we calibrated two ARC and two Kistler gauges so that we might
use the best of thése.

a. Calibration of Gauges

Two Kistler and two ARC gauges were calibrated by the method
described by Cole.16 The four gauges were mounted on a single cylinder in
essentially equivalent positions. Then the cylinder was slowly pressurized
by means of a precision dead-weight tester to precisely measured levels of
up to 100 psi. The pressure was abruptly lowered to O psi with a quick-acting
release valve, and the gauge outputs were recorded on oscilloscopes. The
procedure was simple and reliable and the results were obtained quickly.

To reduce the possibility of systematic errors, tests were run at every
tenth-psi interval from O to 100, then back down to zero, and finally from
zero to 100 again (e.g., O, 10, 20, ..., 100, 90, ..., O, 10, ...,100). The
results of the tests are given in Table VII and in Figs. 19 and 20. The
gauges with their associated cables, preamplifiers (for the Kistlers),
connectors, etc., were stored for use in the air blast measurements as

originally connected for their calibration.
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b. Gauge Mount

The ARC gauge is supplied mounted in a ''needle-nosed' support
that is suitable for air blast measurements over a pressure range greater
than that over which we will operate. For the Kistlers, on the other
hand, suitable mounts are required. These are best described with the

aid of the following sketch:

AIR
SHOCK
WAVE

For the gauge response to be independent of the angle & and

to record the true air pressure, it is required that

cot § > (M - 1)%

where
3
Moy - ('Y - l)Mg + 2
" s zyﬁ’s -(y+1)
and MS is the shock Mach number. For air, vy = 1.4, and

0.4M§_’ + 2
s 2.8Mg - 0.4
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If MS =3, then M = 2.52 and cot § = 11.5 >> 2.3. For smaller
Mach numbers the margin of safety is even greater. For Ms = 3, the
peak overpressure P is approximately 150 psi. Therefore, we were well

within the requirements when we mounted the gauge on a unit for which

c. Data Recording System

The instrumentation for recording the blast data was assembled
and tested to establish that the requirements for precision, accuracy,
and rellability were being satisfied. Figure 21 is a schematic diagram

of the general system. Additional details are shown in Fig. 22.
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TIME OF PIN
ARRIVAL PROBES CIRCUIT
J}_(_Agg_RNATE)
DETONATOR ASTER
START i CRO
ELECTRONIC TRIGGER
SYNC
GENERATOR DELON“l‘.}TOR OUTPUT '
CRO
BLAST WAVE r-———!
PULSE
1) TIME OF ARRIVAL GENERATOR MIXER
GAUGES
2)HIGH FREQUENCY] |
KISTLER . VIDEO
GAUGES R06ER | [RecorDER
AMPLIFIER

TA-6150-37

FIG. 21 SHOCK ATTENUATION AND BLAST WAVE MEASUREMENTS
SYSTEM SCHEMATIC
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BLAST REFLECTIONS
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FIG. 22 DETAILS OF DATA RECORDING SYSTEMS
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The parameter recording system shown in Fig. 22(c) was used
to adjust the gauge output amplitudes to a suitable level for the tape
recorder. The output of the same system was also recorded on a set of
precisely delayed oscilloscopes. The net effect was that the pressure and
time-of-arrival data were recorded both on a wide band (30 to 3.8 Mc)
videotape recorder for later playback (on an oscilloscope) and directly
onto an oscilloscope. The redundancy gave improved reliability and
accuracy.

3. Equivalence Factors from Time-of-Arrival Measurements

The experimental arrangement for determining the equivalence
factor was basically very simple. The explosive charges used were
combinations of two or three tetryl pellets (2 inches in diameter, 1
inch thick, 76.5 to 80 g*), with or without a 2-inch-diameter, 4-inch-
long cylinder of propellant in contact. The tetryl was initiated by a
cap and booster containing about 1 g explosive. Time-of-arrival gauges
were placed in a line through the approximate center of the tetryl
charge and perpendicular to the direction of detonation. Four gauges,
14 inches apart, were permanently mounted on a steel strip to assure
both accuracy and reproducibility. The leading gauge was placed about
40 inches from the center of the charge, the exact distance (+ 1/8 inch)
being determined before each shot. Unfortunateiy, it was not realized
until after the experiments were completed that the weights of the tetryl
pellets varied perhaps by as much as 10%; hence the exact charge weight

for each shot is not known.

*Mass range was based on 5 randomly chosen pellets.
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The time of arrival, t, of the shock front at each gauge was
recorded as previously described and the results were fitted to a curve

of the form
Int=A+Binr+C(4n r)2

for each shot; the three constants A, B, C were determined from the
four measured pairs of values (log t, log r) for a best least-square

fit. The shock velocity as a function of r is then given by

_ r
" (B+2C4inr)exp[A+Binr + Cn rf?j

R

from which the Mach number (V/co) and the peak overpressure

7[(v/e )2 - 1]

+
P 6 Po

can be readily determined. (c0 and Po are the ambient sound speed and
pressure of the atmosphere.) Tables of P versus r were computed and
printed out for small enough intervals of r to allow the determination
of the value of r corresponding to a given P by inspection to the nearest
tenth of an inch.

Shots were fired on two successive days, the eight shots of the
first day being designated as Series I, the remaining foﬁr shots as
Series II. Typical time-of-arrival data and fitted curves are shown in

Fig. 23 for a shot with two tetryl pellets (No. 1) and a shot with two
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tetryl pellets plus propellant (No. 4).* The distances corresponding
to overpressures of 10, 20, 30, and 40 psi (derived from the fitted
curves as explained above) are shown for all twelve shots in Table VIII.
The agreement of results between two different shots of the same type
fired on the same day is quite good, except perhaps at 10 psi where the
distance as a function of overpressure varies rapidly; this pressure
level was therefore not used in the calculation of equivalence factors.
Shot No. 8 was similar to the propellant shots except that the propellant
was replaced by a Lucite cylinder of the same dimensions; the results
(except at 10 psi) fall well within the range of Shot Nos. 1, 2, and 5,
indicating that whatever contribution the propellant makes to the blast
is not purely mechanical.

In spite of the internal consistency within each series, there is
an obvious disagreement between the results of Series I and Series II;
nominally identical shots in Series Il appear to produce weaker blasts
(smaller r for a given overpressure), giving an indication of some
systematic error. Fortunately, the method of calculating equivalence
factors is such that if a similar error is made in all experiments used
in a particular determination of f, this error will affect the equivalence
factor only to second order, and this is the reason for dividing the

shots into the two series.

*
With only four experimental points per shot and three available constants
in the fitting function, it is not surprising that the maximum deviation

of the fit encountered in any shot was only 14 ysec.
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TABLE VIII

DISTANCE AS A FUNCTION OF OVERPRESSURE

Distance (inches) for given overpressure

Type of Shot Shot No. 10 psi 20 psi 30 psi 40 psi
Series 1

2 Tetryl Pellets 1 69.4 53.9 46.0 41.0
2 70.5 53.5 45.7 40.7

5% 68.4 52.3 44.4 39.8

Mean 53.7 45.8 40.8

3 Tetryl Pellets 3 76.7 61.8 53.5 48.0
7 76.1 61.4 53.2 47.7

Mean 61.6 53.3 47.8

2 Tetryl Pellets 4 72.8 55.2 47.1 42.0
plus propellant 6 68.4 55.0 47.7 43.0
Mean 55.1 47 .4 42.5

2 Tetryl Pellets 8 71.1 52.8 45.0 40.2

plus Lucite

Series I1

2 Tetryl Pellets 9 67.0 51.0 43 .4 38.7
11 65.5 50.9 43.5 38.8

Mean 50.9 43 .4 38.7

2 Tetryl Pellets 10 70.0 53.9 46.0 41.2
Plus propellant 70.5 53.0 45.4 40.8
Mean 53.4 45.7 41.0

*
Values for this shot not used in computing the means
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The computed values of the equivalence factor f relative to 2
tetryl pellets are shown in Table IX. For Series I, Shot Nos. 1 and 2
were used as standard because of the close agreement of their distance-
pressure functions. If Shot Nos. 5 and 8 had been used as standard,
the resulting f-values for this series would have been increased by
about 7 percent. This would bring the f-values for tetryl plus pro-
pellant in line with those obtained from Series II; however, it would
also increase the deviation of the f-value for 3 tetryl pellets from
the predicted value, 1.5. In view of the uncertainty in the charge
weights, the agreement of the stated f-values for tetryl plus propellant
is quite good, and it is fair to conclude that the energy released
by the propellant is about 10 to 20 percent of the energy released by

two tetryl pellets.

TABLE IX

EXPERIMENTAL DETERMINATION OF EQUIVALENCE FACTOR f
FOR PBAN-170 WITH TETRYL

Equivalence Factor f Relative to Blast
Produced by Two Tetryl Pellets

Type of Shot 20 psi 30 psi 40 psi Mean
Series I
3 tetryl pellets! 1.51 1.58 1.61 1.57

2 tetryl pellets?
plus propellant 1.08 1.10 1.13 1.10

Series II

2 tetryl pellets?®
plus propellant 1.15 1.17 1.19 1.17

1Assuming Shot Nos. 1 and 2 as standard.

2Assuming Shot Nos. 9 and 11 as standard.
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4. Kistler Gaqge Measurements

Unlike the time-of-arrival gauges, pressure gauges must be
mounted with due regard to aerodynamic problems if they are to indicate
the free-field overpressure. Although a single pressure gauge can be
easily mounted on a suitable air foil, it is difficult to place several
gauges in such a way that their relative distance from the center of
explosion remains unchanged between shots without at the same time pro-
ducing some aerodynamic interference among the gauges. Accordingly, the
direct pressure measurements played a rather lesser role in the blast
measurements than we had originally anticipated, and served primarily
as a rough check on the time-of-arrival measurements. In Table X are
shown the pressure readings obtained during eleven of the twelve shots
from a Kistler gauge mounted well away from the time-of-arrival gauges.
The agreement with the values obtained from the time-of-arrival measurements

is seen to be quite good.

TABLE X

COMPARISON OF OVERPRESSURES OBTAINED
FROM KISTLER AND TIME-OF~-ARRIVAL MEASUREMENTS

Overpressure Overpressure
Distance Kistler Time of Arrival

Shot No. in. (psi) (psi)
Series 1

2 44.0 31.1 32.8

3 44.5 44 .0 48.8

4 44.1 36.9 35.3

5 44 .2 28.9 30.3

6 44 .2 34.4 37.1

7 44 .2 47.3 49.0

8 44 .2 32.2 31.2
Series 1I1I

9 44 .7 31.3 28.5

10 44.5 34.4 32.6

11 44.9 28.4 27.6

12 44.5 34.3 31.7
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F. Propellant Destroyed by Explosion

1. Sample Recovery

To relate the blast measurements to the amount of propellant
destroyed or consumed, we recovered those parts of several shocked
propellant cylinders that remained intact after the blast pressure
experiments. These are shown in Fig. 24; the numbers before each spec-
imen represent the initial propellant charge length in inches. In
each case approximately 3% inches of the original length was not re-
covered. For reasons described later, similar tests were conducted
with a dummy propéllant and with the PBAN binder. The results from
4 inch cylinders are shown in Fig. 25. From these experiments we
concluded that the amount consumed was independent of charge length
and, approximately, a function of the binder properties only. It is
important to note that all of these tests were performed with charges
so long that the equivalence factor was independent of length.

Because these measurements were crude, we also used flash radio-

graphy to study the fragmentation process.

2. Flash Radiography

In formulating the research plan our hypothesis was that the
processes occurring immediately behind the shock wave in a propellant
could be described by assuming essentially hydrostatic behavior of
the propellant. The consequences of this approach are best illustrated
with the following sketch:

F
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ABDC is the unshocked propellant into which a slightly convex
shock wave CD is traveling in the direction indicated by the arrow.
Behind CD the shocked material expands laterally with the material fronts
along CF and DG. Within a region CED the forward material velocity is
uniform and has a value predicted from hydrodynamics. Behind this
zone, i.e., behind PCEDG, this velocity begins to decay. It is in this
regime that we expected fragmentation to occur.

Because of the dependence of subsequent behavior upon the decaying
velocity and pressure just behind CD, there is some critical position
of CD past which fragmentation would not be expected. To determine
this position, propellant cylinders were X-rayed while they were being
shocked. The geometry used is essentially that shown in Fig. 6; the
only changes were to dispense with the ion probe and BaTiOz crystal
and to use a 4 inch long cylinder of PBAN-170. The pictures obtained
are shown in Fig. 26. The noted times are those elapsed from the in-
stant of initiation; the shock wave is moving from the top to the bottom
in each frame. At 64 usec, a shadow is cast by a strip of solder in-
serted to check the focus, and at 37, 64, 75, and 125 usec, the exposure
of the unshocked propellant is super-imposed upon the shocked sample.
Some details are lost in the reproduction process, but each original
negative shows the phenomenon readily observed in the pictures taken
after 37, 47, 64, and 75 HKsec. Within the linear response range of the
film, X-ray density is proportional to material density (not pressure),
and we see an abrupt increase in density well behind the leading shock

wave. This is noted by the arrows in the figures.
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This step-function in the density is not predicted by our simple
model and, to our knowledge, has never before been observed in any
material. It is customary to assume that all materials behave hydro-
statically at these high pressures. We have no explanation for this
abnormal behavior, but to determine whether the oxidizer plays an
essential role we conducted similar experiments with (a) PBAN binder
only, gnd (b) PBAN with glass beads to simulate PBAN-170. The same
qualitative features appear in the X-rays: for both types of materials
a step in the recorded density appeared at some distance behind the
shock wave. We conclude, therefore, that this most unexpected behavior
is a consequence of binder property and not of some binder-solid or
binder-oxidizer interaction. (An attempt to relate the position of
these waves to the time from initiation was made. Because of parallax
and other errors the derived data could not be interpreted with sufficient
precision; therefore, they are not included here nor are they plotted

in Fig. 8.)

%
G. Stress Field Calculations in a Finite Diameter Cylinder

Early thoughts about theoretical approaches to the problem of
propellant detonation were based on two premises: (1) the propellant
will behave like a brittle solid under dynamic loading, as many other
plastics are known to do; (2) at low stress levels, detonation or ex-

plosion will occur slightly above the stress levels at which fractures

%
This section was prepared by Professor George E. Duvall, Washington

State University, a consultant on this project.
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are initiated. From the experiments reported above, it appears that
both premises are probably false with respect to the materials being
investigated. Whether they are false for all propellant materials
under all conditions is not known.

Using these premises, we undertook a numerical investigation of
the dynamic stresses to be expected in the propellant cylinder. The
intent of this investigation was to maximize the information obtained
and to minimize the cost by taking full advantage of both premises.
These imply that elastic calculations of the transient stresses induced
in the cylinder are adequate to define the regions of maximum tensile
stress which develop as the wave passes through the cylinder. Such
regions could then be identified as the regions in which fractures first
occur, and subsequent experimental investigations would concentrate on
these critical regions. The implementation of this program was par-
ticularly simple. A computer program for calculating displacement in
a finite, cylindrical, elastic bar has recently been developed®” and
has been adapted to this particular problem at nominal cost (see
Appendix). In brief, the program calculates dynamic displacements in
a cylindrical bar with a stress-free, radial surface, for uniform
pressure with arbitrary time variation applied at one end and either
fixed or free boundary at the other end.

Before extended machine runs were made, the experimental results
indicated that the premises on which calculations were based were false
(see, e.g., the radiographs in Fig. 26). Therefore, further efforts

in this direction were abandoned.
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The initial goal of this theoretical effort--to calculate detailed
material states in the dynamic experiment--is still considered a valid
one. It is now apparent that to achieve this goal requires a more
general two-dimensional program for viscoelastic, reacting solids with
finite stresses. The question remains whether or not some existing
program can be adapted to this purpose at a cost commensurate with the

total éffort on the program.
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V  SUMMARY AND CONCLUSIONS

The following have been accomplished:

a, Precise shock attenuation measurements have been made
in PBAN-170 with a particular geometry,

b, The Hugoniot for PBAN-170 has been obtained over the
range 0 to 100 kbar,

c. Model explosions have been initiated and careful blast
measurements made and analyzed.

d, The propellant remaining after the model explosions
has been recovered and estimates made of the fraction
of the original charge destroyed.

e, Flash radiographs were taken during the explosion.

f., Certain incidental measurements were made; these include
the sonic velocity, mechanical properties, and burning

rate of PBAN-170,

The attenuation data conform precisely to the predicted behavior:
velocity attenuates exponentially. The Hugoniot shows neither anomalies
nor plastic-elastic transition. ' However, low pressure Hugoniot data are
often imprecise, and the absence of special features in our data should
not be considered conclusive. The blast measurements indicate rather re-
producibly that only a very small fraction of the propellant destroyed
contributes to the blast wave. Lastly, unusual features of the flash

radiographs remain to be explained,
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From the Hugoniot and the attenuation data we compute that the
pressure 3% inches down the propellant stick (where fragmentation ceases)
is approximately 10 kbar, However, the contribution of the propellant
to the blast by no means accounts for all of the propellant destroyed;
in fact only about 5% of the unrecovered propellant appears to have so
contributed., Furthermore, because of the concordance of our results with
those 6btained by Jaffe et al.” for Lucite, it is apparent that over the
entire range within which precise measurements were made the shock
attenuates without evidence of chemical support. Immediately, therefore,
we can draw the following conclusions:

(a) Only a small fraction of the amount of material frag-

mented by the donor shock contributes to the blast.

(b) No large quantity of the propellant detonates,
Similarly, we can feel fairly certain about the following:

(a) For the materials and geometry studied the fraction of
material fragmented may be determined by the mechanical
properties of the binder alone, and not of the other com—
ponents or the interfacial strengths.,

(b) The small blast contribution from the propellant results
from either an overdriven detonation in the portion of the
propellant near the donor interface (likely) or rapid
burning of a small fraction of each resultant fragment (also

likely) or some combination of the two.

We still cannot speculate on the relation of the fraction fragmented
to the mechanical properties except insofar as we have evaluated the shock

pressure below which fragmentation apparently does not occur. The
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experimentally determined Hugoniot shows neither anomalies nor plastic-
elastic transition, but the flash radiographs do suggest anomalous
behavior,

Thus our research has answered some of the questions posed by the

model we set out to examine, and has raised significant new questions:

(a) What is the explanation for the anomalous radiographs
and does it account for or bear on propellant fracture?

(b) Is the propellant blast contribution attributable to an
overdriven detonation or to rapid surface burning of the

propellant fragments?
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APPENDIX

COMPUTER PROGRAM FOR ELASTIC WAVE PROPAGATION
FINITE CYLINDRICAL BAR

The material in this appendix has been taken from

a Ph.D. Thesis by L. D. Bertholf, "Longitudinal
Elastic Wave Propagation in Finite Cylindrical Bars,"
WSU SDL 66-03, Shock Dynamics Laboratory, Washington

State University, Pullman, Washington, July, 1966.
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PROGRAM LISTING (FORTRAN IV)

HERNCCA SR1 FS572

$IBFTC TOCBAR

9
11
12

DATE Cl1/19/¢€7

2CBARCCE

DIMENSICN  U(12,2C04+3) o w112,2CC,3) , A(30,30), B(30),2CBARCC]

6X{(3C)y AA(3C,3C), BB(3C) » XX(3C) 20BARCO2
CONTINUE 2CBAR(C3

TAUL = €.C 2CBARCC4

TIME = (C.C 2CBARCC4

KKKKK= € 2CBARCO4

REAC (5+1) MMOLIMITI,LIMITT,LIMITZ+JZCAL,JZWRT,PO,IBCD,CT4,CR,DZy 2CBARCOS

6XKUy EoRFC 2CBARCOE
FCRMAT (6134FG.4,411y 6F.6) 2CBARCC?

XMU s E/(2. #(X. ¢+ XNU)) 20BARCOB

XLAMB 5 EsXNU/t(( 1. -2. #XNU)=(1l. + XhU)) 2CBARCCS

G & XLAMB/(XLAMEB+ 2,% XMU) 2CBARC1C

Ld = LIMITZ 2CBARC11

LJd s LIMITZ -1 2CBARC12

DIT = DT#sx2 2CBARC13

[t LIMITI -1 2CBARC14

1L s LIMITI -2 2CBARC1S

CC = SQRT ((XLAMB + 2.8 XMU)/RHC) 2CBARC1E

WRITE (€,3) 2CBARC17?

FCRFAT (1H1,2X, 44HDISPLACENMENTS, U(R) ANC U(Z) IN CENTIMETERS.) 2CBARClS

WRITE (€,45) 2CBARC19

FCRMAT (/3X,21HTIME IN MICRCSECCNDS. ) 2CBARC20

WRITE (€,6) 2CBAR(C21

FCRMAT(/3%423KR AND 2 IN CENTIMETERS. ) 2CBARC22

WRITE (€47) XNU 2CBARCZ23

FCRMAT(/3Xs 18HFPCISSON-S RATIO [SyF6.3,1H. ) 20BARC24

WRITE (€49} FE 2CBARCZ2S

FCRMAT(/3Xo1THYCUNGS MCDULLUS ISeF6.3,8H(MBARS},) 2CBARCZ2¢

WRITE (€,11) REQ 2CBARC27

FCRMAT(/3X, 1OHBENSITY IS, Fé&.3, 8H(GM/CC). } 20BARC28

WRITE (€,12) 2CBARC2Z29

FCRNAT( /7777777 92X 4HTIME R EXy1FR 46X 1HZy 9Xy4FEU(R), 12X, 2CBARC3C

14FUCZ) 11X 5HSIGZZ 311Xy SHSICRRy1CX96HSIGPHP 11X 4S5FSIGRZ/ /) 2CBARC31
LC 4 I= 1,LIMITI 208ARC32

DC 4 J= 1,LIMITZ 2CBARC33

DC 4 K= 1,3 2CBARC34

RllsdeK) = 2, 2CBARC3S

Utr,J,K) = ¢. 2CBARC3¢

CC 5C LL= 1,LIMITT 2CBARC37

NsLL-1 2CBARC38

F¥s N 2CBARC3S

P = PC#EXP(-TIME/TALL) 2CBARO40

WRITE(6,8) TIME,P 2CBARC4C

FCRVMAT(///7720X%s THTINME = 4FG.2,4CXe4HP = 4E15.5///7) 2CBARC4C

BC 14 J= 2,044 2CBARC4]

CC 15 1= 2,11 2CBARGCA42

Rz CR#FLCAT(I-1) 2CBARC43

UL222 = Ull,.J42) 2CBARC44

Wh222 = WlleJs2) 2CBARC4S

THIS IS THE BEGSINNING CF THE CIFFERENTIAL EQUATIONS 2CBARC4E

THIS IS THE BEGINNING CF THE CIFFERENTIAL EQUATIONS 2CBAR(C 4T

LlIesd,y3) = 2.% LU222 ~UlTedyel) + DTTH{ 2CBARC48

6 (1. /la,a CZ«CR ) )« {(XLANR + XMU)/RHQ) o 2CBARC49
6 (W(I+l, J¥1,2) — W(I-1, J#1,2) -w(l+)l, J=1, 2} + W(I-1,J-1,2)) 2CBARCSC
6 #{XMU/RHCI=(]1, /CZnu2)u{(U(IyJd¢]1 ,2) ¢ Ull,J-142) - Z.#ULL222 2CBARCS1

A-3




(aNaXg]

15

14
1g

89

35

159

23313

8888

6 ) = ((XLAMB#2.=XMU)/RKC)» {1, /Rex2)a ;U222
6 #{{XLAMBs 2.%XMU)/RHC)e(1. /OR##2)w
6 ( UlI+l, Jy2) 4 U(I=1y Jg2) =2.% UL222 )}
6 ¢{(XLAMB: 2,%XNU)/RKEO)n(1., /{2.3RsCR) )+
6 ( L{I+1,530,2) = U(I-14J,2)))
WElsJde3) = 2.% WW222 - W(ledyl) & CTTx{
6 (1. /(4.% CZ2DR V) #{(XLANB + XMU)/RHC) =
6 (ULT€1l, J£1,2) - UlI-1y J#¥142) ~U(l+¢l, J-1, 2) + U(I-1,4d-1,2))
6 4((XLAMBY XMU)/RHO)=(1l. J(2.%R2D7) )
6 (U{T,d41,2) =-LI(],J-1,2)) +
€ (XNU/RFC)Y®(1, /OReuZ )«
6 (W{I+1, Jy 2) + W{ I-1, Jy 2) - 2.% WW222 )
& +{XMU/RHO)«(1. /(2.%R#DR ))& (W(I+19J52) -~ W(I-1,0,2))
6 $C(XLANMB +2,5XMU)/RHC) =(1, /CZne2) =
6 ( W{leJ¥142) #WllyJ=-142) ~2.%n0W222 ))

CONTINUE

THIS 1S THE END
THIS IS THE END
JJdJ =1.25% CO#FV«DT/012
IF ( J GT, JJJ + JICAL) GC TC 18

COCNTINUE

CONTINUE

Jd=J +1

INC = 1

THIS IS THE BEGINNING CF THE BOULNDARY CCNCITICNS
THIS IS THE BEGINNING CF THE BROUNDARY CCNCITICNS
BCUNCARY CONDIYICONS FCR R=C

LC 89 J= 1l.LINMITZ

h(lpJo3, = h(2|J13)

U(l1J93) = €,

BCUNCARY CONDITICNS FOR R=(

CF THE CIFFERENTIAL ECUATIONS
CF THE CIFFERENTIAL EQUATIONS

[F(IBCD .EQ. 1) GC T1C 7SS9

BCUNDARY CCNDITICNS FOR FIXED ENC AT Z = L
CC 35 I= 1l,LIMITI

h([rL[MlTl' 3) = €,

UGT,LIMITZy3) = UlI,0LJd43)

BCUNDARY CCNDITICNS FCR FIXED ENC AT Z = L
CCNTINUE

IF (IBCL .NE. ) GC TO 189

BROUNDARY CONDITIONS FOR FRFF END AT 2 = L
LLL = LL +1

IF (LLL LT, LIMTITZ) GO TO 2000

KKKKK = KKKKK + ]

BR{1)Y = W(1sLJJ?)

RR(272) = NDR/NZ**W(11sLJJs?)

PO 3229 1= 241

RR({T) = W(TsLJJe3)

BRR{T+10) = U(TsLJIJs2)

CONTINUE

INN = 2

IF (KKKXK o GT. 2) GO 7O 4032

INN = )

NO BRRB8B 1= 1130

NO RBB8 J= 19130

AA(T9J) = O.

AA(T19]) = 1.

AA(T1912) = 24%G%DZ/NR

AAL22922) = 1.

AALD22921) = G/104 =1

2CBARCSK?2
2CBAR(CSH3
2CBARCS4
2CBARCSS
2CBARGCH6
2CBARCS7
2CBAR(SS8
2DBAR(OS9
2CBARC 60
2CBARCEH]
2CBARCE2
2CBARQGED
2CBARG 64
20BARQES
2CBARCE6
2DBARC6T
2CBARCES
2CBARCES
2DBARCTC
20BARC71
2CBARQC72
2CBARC73
2CBARCT74
2CBARCTS
2CBARCT6
2CBARCT7
2CBARC78
2CBARC7T9
2CBARCSC
2CBARCS81
2CBAR(CS82
2CBARCS3
2CBARCSES
2CBARCSBS
2CBARGSB6
2CBARCST
2CBAR(Q8S
2CBARCES
2CBARCSC
INRARNGT ™
2NRARDA2
2NARARNG3
anaArNay
2NAARNOS
*nNAARNOSL
SNRRAFNQY
2NRARNQR
2NRARNGQO
2DRARTINN
2NRARTINM
PNRARIND
?NRAR10?
2NRARYI 04
S>HRARING
20RARTO06
20RARIOT
2NRARIOR
2NRARINO
20RARYIIAN



6655
40132

3006

1000

789

20CC

654

6555
2CL3

2¢C5

AA(22910) = G*DR/DZ
DO 6655 1= 2,1

AA(I’I-]) = 10

AA(Ts1+11) = G%NZ/DR

AALTIs1+10) = G¥DZ/PR*¥ (1 /FLOATI(I=1) =1.)
AACT+10s14710) = 1.

AA(T4+10y,1) = DZ/NR

AA(1410s1=1) ==nZ/NR

CONT INUF

CONT INUF

CALL SSOLVE (225 AAs PRy INNs 14E-08s 10+ XXy ITT)
PO 3005 I= 1+11}

WlI+1ls LJds 3) = XXI(TI)
UlT+1eblJs ) =XX{T+11)
CONTINUF

UClse LJy 3y = 0,
Wlt1slJe2) = W(2elLJs2)
CONTINUF

ROUNDARY CONDITIONS FOAP  FRFF FND AT 2 =

CONTINLE

BCUNDARY CCNDITICNS FOR A PRESSURE APPLIEL AT Z=0
B{l) = -PeG#DZ/XULAMAR — w(1,2,3)
8(22) = -GsDR/DZ*n{11,2,7)

CC 2{C0C I= 2,11

BUI) = ~PeGaDZ/XLAME - w(1,Z,3)
BOT+1C) = - U(1,2,3})

CCNTINUE

IN = 2

IF ( N.CT. 2 ) GO TC 2CC3

IN = ]

CC €54 1= 1,3C

CC €54 J= 1,37

A{l,Jd) = (.C

A(l,1) = -1.

Ally12Z) = Ge2,C2/0R

B(22,22) = 1,

A{22,21) = =-1. ¢+ G/17,

A{22,1C) = ~ G=OR/D?

0DC €585 1=2,11

A(I' I-1) = -1.

A{T,1+411) = G=DZ/CR

A(I,141C) = 5=02/CR«{1./FLCAT ([-1) - 1.)

A(T+1C, I) = CZ/0R

AtI+1C, I-1) = - CZ/CR
A(I+1C,1+1C) = -1,
CCNTINUE

CCNTINUE

CALL SOLVE (22, Ay By INy 1.E-C8,y 104X,IT)

LC 2¢CS5 1= 1,11

W{lIt+l,1,3) xX{1)

U(T+1,1,3) X{I+11)

CONTINUE

L(111’3’ = {

h{l,1,3) W{Z2y1,7)

BCUNDARY CCNOITICNS FOR A PRESSLRE APPLIELC AT ZI=3
BCUNDARY CUNDITICNS FOR RALCIAL SURFACE

CC 718 J= 2,44

nH

it

?NRARII
P?DRARYY?
?NRARIA
2DRARYIYG
2DRARIS
2DRAR1ITS
2NRAR117
?DRARYIIR
2NPRARYIYC
P2DRAR1IZ2D

2NRARY 21
2DRARY2?
2NRARI A
2NRARY 24
oNPAR1I?S
29RAR126
2DRARY 2?7
2NRAR1 2R
2NRARY DO
20BAR130
20BAR13]1
2CBAR132
2CBAR]133
2DBAR134
2CBAR138
2CBAR136
2CBAR137
2CBAR138
2CBAR13¢g
2CBAR140
2CBAR141
2CBAR142
2CBAR143
2CBAR144
2CBAR14S5
20BAR146

2CBAR147
2CBAR148
2CBAR14S
2CBAR1SC
2CBAR151
2CBAR152
2DBAR153
2CBAR154
2CBAR1SS
2CBAR1S¢
2DBAR157
20BAR158
2CBAR159
20BAR160
2CBAR1E]
2CBAR162
20BAR163
2CBAR164
2CBAR165
2CBAR166
20BAR167




7€

IF 4

«EQ. LIMITZY GC TC 567

ULLIMITI,Je3) = ULI]D 4d,3)- GeU(T11,J,3)/FLOAT(IILT)
6~ Go(CR/DZ)e{n(Il,J+1,3) -W(IT1,J,23))
RILIMITINI,3) = WULE ,J93) - CR/CZ«lU(TIl,J41,3) -UlII,J,3))

5¢7 CCNTINUE
BCUNDARY CCNDITICNS FOR RADIAL SURFACE

31
3C

45

4C
41
5C
-1

IfF (I8CLC

6/FLCAT(IIT) -
THIS 1S THE
TEIS IS THE

BC 3C 1=
CC 3¢ K=
UtlsKel)
W{T,Ky1)
UlTK,2)
WllyKe2)
CCNT INUE

IF (N.GT. LIMITT - 4)
.LT.
MM (N/MM)

oNE. MMM )

=DT+ FM

IfF (N
MY =
LFAN
TIME
0C 4C K=
LC 4C 1=

1
1

w n n

1
1

NE. 1)
END
END

2LINMITE

o JJ
UlI,K,2)
W{l,Ky2)
UlI,Ky3)
K{I,K,2)

15 JAND,

2 JIp JIWRT
NCy

1sDZ#FLLCAT(K-1)

R3DR#
EFS =
F22 =
ERR =
EPHPH =

«NE.

FLCAT(I-1)
Th{T,K+1, 2) = WIlL4Ky2))/C12
EFS

fLIT£]1,K,2)

&

LY

1

1 187

THETA =

UCLIMITISLJN3) = ULIT
G#DR/D2Z#(W(I1,LJ,3)

IscCcC

LIMITI,

LJe3) - G
-w(Il,LJ4,3))
CF THE BOUNDARY CCNLITICNS
CF THE BOUNDARY CCNDITICNS

#U(ITysLJs3)

INC = 1

+EC€. 1) INC =1

GC TC 41

INC

- UlI4K42})/0R

EPHPH = LI(I,Ky2)/R
CoSul{W{I41yKy2) ~ KT ,Ke2)}/CR + (L{14K+1,2)

- U(‘,K)Z))

ERR & EZZ ¢ EPLPH

CALCULATE 2.0%XNU ANC XLAMB#THETA ANC STCRE

SIGRZ =
SIGPHP =
SIGRR =
SIGZZ s
SIGPHP =
SIGRZ =

XMU + XMU
XLAMB*THETA

SIGRZ=ERR + S{CPHP
SIGRZxEZZ + SICGPHP

SIGRZ+EPHPH + SIGPHP

SIGRZ*ER?

WRITE(6545) TIME,RyZ UlTI4K9Z)gWllsKs2)+,SIGZZ,SIGRR,
SIGPHP,SIGRZ
FCRMAT(1X33F7.3,6E1€.7)

1

CONTINUE
CCNTINUE
COCNTINUE
CONTINUE
RETURN
END

2C8AR168
20BAR169
20BAR170
20BAR171
20BAR172
2CBAR173
2CBAR174
20B8AR175
2CBAR176
2CBAR177
2DBAR178
2C08AR17S
2CBAR180
2CBAR181
2CBAR18B2
2CBAR183
2CBAR184
2DBAR185
2CBAR186
20BAR187
2CBAR188
2CBAR18S
2CBAR19C
2CBAR191
20BAR192
2CBAR193
2CBAR194
2CBAR194
20BAR194
2CBAR1G4
2CBAR194
2DBAR194
2CBAR194
20BAR19S
2CBAR195

2CBAR]1SS
2CBAR195
2CBAR195
2CBAR]195
2CBAR195

20BAR195
20BAR195
2DBAR196
2CBAR1S7
2CBAR198
2CBAR199
2CBAR2CC
2CBAR2C2
208AR203



HERNDON SR1

P572

$IBFTC SOLLVE

CSOLVE

(aEsNasNeRalalaN ol aNnNaNal el

aoc

[aXaNa

[N eXal

16¢aC

53

5C9
51¢C

548

10
12
13

LINEAR EQUATICN SCLVER WITH ITERATIVE IMPROVEMENT

SUBROUTINE SOLVE{NN.AoB,yINGEPS, ITMAX,X,IT)
SCLVES AX=B WHERE A IS AXN MATRIX AND B 1S NX1 VECTOR
IN=

1l FCR FIRST ENTRY

2 FCR SUBSEQUENT ENTRIES WITH NEW B

3 TC RESTCRE A AND B
EPS AND ITMAX ARE PARAMETERS
I1Te

IN THE ITERATICN

=1 IF A IS SINGULAR
G IF NOT CONVERGEN1T
NUMEER CF ITERATIONS IF CCNVERGENT
CALLS M2P SUBROUTINES ILOG2,DCY,SDOT AND CAD

TC VOCIFY DIMENSICNS, CHANGE THE NEXT 3 (NOT 2 BUT 3) CARDS.

DIMENSICN A(30,20),B(3C),X(20),AA(30,30),DX(30),R{30),
Z{3C)RM(30),IRP{20)

MAx3C

M8 MUST = DECLAREC CIMENSICM CF SYSTENM

ECUIVALENCE(R DX

GC TO (1C0C,2C0C,230CC)4IN

N=sNN

NF1=N-1

NP1=N+]1

ECUTLIBRATICN

CC 51C 1I=1,N
KTOF=ILCG21(A(TI,1))
CC 523 Jd=2,4N\
KTOF=MAXOUKTOP,ILOG2{A(1,J)))
RVM{1)=2.,08e(~-KTCP)
DC 09 J=1,N
A(I.J)=A(I.J)’RN(I)

CCNTINUE

SAVE EQLILIBRATED DATA

DC 548 1=1,N
DC S48 J=1,N
AA(TLyd)=AL1,4)

GAUSSIAN EBLIMINATICN WITH PARTIAL PIVCTING

DC S99 M=1,NM1

TCP=ABS (A{M,¥))

IMAX=M

CC 12 I=MsN
IF(TOP-ABS (A(I,M)))10,12,12
TOP=ABS (A(I,¥))
IMAX=1

CCNTINUE

IF(TUP)14,13,14

[T=-1

#SIAGUL AR

VERSIGN 1V

Cl/19/6€7

SLv40CO0

SLv40Q10
SLv40C20
SLV4Q3C30
SLVv4QC40
SLV40C5Q
SLV40C60
SLv40CTC
SLv40¢80
SLV4QC90
SLV401C0
SLv40110
SLV40120
SLv4013Q
SLv40140
SLV40150
SLV40160
SLVv40170
SLv4018¢C
SLVv40190
SLv40200
SLva4g210
SLV40220
SLv4g23Q
SLV40240
SLV402S0
SLV40260
SLV4027¢G
SLv4028¢C
SLV40290
SLV4C300
SLv4C310
SLV40320
SLv4G230
SLV40340
SLV4Q350
SLV40360
SLv40327C
SLv40380
SLV4C39¢
SLV40400
SLvalalo
SLV40420
SLV40430
SLV40440
SLV40450
SLV4046Q
SLV4C4TC
SLv40480Q
SLV40490
SLV40500
SLv4(0510
SLY40520
SLV4053¢0
SLV40540
SLV40550




aNaXa) [aRaNaNal

aNale

(aNale

14

24

25
29

31
32
23
S9
113

12¢

221

222
229

2CCo

6C1

6C9

159
200

2C1

HERNCON SRI

SOLLVE ~ EFN

RETLRN

IRP(M)=IMAX

IF{IMAX-M)2G,29,24

DC 25 J=1,N
TEMPaA(M, )
A‘N,J’=A(IVAX’J’
Al IMAX, JY=STEMP

MPl=ME]

DC 23 I=MP1,N
EM=A(I MY/A(M,¥)
A(T,M)=EV
IFIEM)21,33,31
DC 32 J=MP1,N

P572
SOLRCE STATEMENT

AlLed)=A(I,J)-A(MsJ)nEV

CCNTINUE
CONTINUE
IRP(N)=A
I (A(N,N)I)124,113,12C
ITe-1
RETURN
CCONTINUE

STORAGE FOR A NCW CCNTAINS TRIANGULAR L AND U SC THAT (L+I)suU=A

CUPLICATE INTERCHANGES IN DATA

LC 229 I=1,N
1P [RPLT)
IF(I-1P)221,229,221
0C 222 J=1,N
TEMP=AA(L, J)
AALT 4 J)=AA(IP4J)
AA(IPyJ)=TENP
CONTINUE

PROCESS RIGHT HAND SIDE

CONTINUE

BC €6C1 I=1,N
BII)=B{T)=R¥(I)

DC 6CS 1=1,NM1
IP=IRP(I)}
TEME=8(1)
s8(I)=BLIP)
BUIF)=TFMP

COCNTIRUE

SCLVE FCR FIRST APPROXIMATICN TC X

DC 20C I=1,N

ZU1)S5-SCOTUI-1,A{I,1)4NMA4Z(1),1,-B(I))

pC 2C1 K=1’N
IsNP1-K

IFN(S)

XUI)=-=STUTIN-T,A(ToT41),MA X(TI+1)91,=2(1))/A(T41)

ITERATIVE IMPROVENMENT

DATE C1/19/¢67

SLV4056C
SLV4057C
SLv4s8e
SLV4L560
SLv4Qé€0Q
SLV40éLC
SLvaCe20
SLV4Qé30
Stv4a0é40
SLv4Q0é50
SLV4Qé€6Q
SLV4GCeT0
SLv40é8C
SLV4C€90
SLV407CQ
SLv40710
SLva40720
SLv40730Q
SLV40740
SLV4075¢C
SLV40760
SLva0770
SLv40780
SLV40790
St vegeco
SLvagsela
SLv43820
SLV40830
SLv40840
SLV49850
SLV40860
SLV40870C
SLv40880
SLva40890Q
SLV40S0C
SLv4061¢C
Skvagsag
SLV4QS3¢
SLV40S4Q
SLV40QSSC
SLV406G60
Stvacs70
SLv4Qsag
SLV40SS0
SLV41CC0
SLV41C10
SLv4lc2o
SLv41e30
SLV41C4Q
SLv41C50
SLV41C6C
SLV41C70
SLv&41C8C
SLv41C9C
SLV41100
SLV4lllo



3cc
3C3

319
329

339

342

| 3€9
37¢
361

[aNaNe]

3CCO

7C1

7C2
7C9

129

HERNLCCN

SOLLVE - EFN

SRI P572

SCLRCE STATEMENT - IFN(S) -

IF(ITMAX)AT0,37C»3G0C

TCP=C.0

£C 3¢2 I=

1yN

TCP=ANMAXL{TCP,ABS{X(I)))
EPSXSEPS#TOP
DC 366G I1T=1,1TMAX

FINC

RESILUALS

0C 219 I=1,N
RUI)Y=—COT(N,AB(T,1),MA,X(1),1,-B(1))

FINC

INCREMENT

BC 229 [I=14N

ZUI)=-SO0T{I-1,A(141)4MA,Z(1),41,-R(I))

DC 339 K=1,N

I'=NF1-K
DX(1)s—SDOTVUIN=T AT 0 41)yMACX{I+1)y1s=Z(1))/A(1,1)
INCREMENT AND TEST CCNVERGENCE

T[P=C oC

DC 242 I=1,N

TEMP=X{1)

X{I)sDAD(X(I),DX(I))
DELX=ABS (X(I)-TEVMP)
TOP=AMAX1(TCP,CELX)

CCNTINLE
IF(TCP-FPSX)3R1,381,369

CCNTINUE
17=C
RETURN

RESTORE A AND B

CCNTINUE

DC 70S k=

1yN

I=NF1-K
IP=]RP(I)
IF(I-IP)T7CL,7C9,7C1

TEMF=
B{I)=

B(I)
B(IP)

BUIF)=TEMP
DC 91C2 J=1,\

CONTINUE

pC 726 1=

TEMP=AA(TI,J)
AA(I,J)=AA(IP,J)
AALTIP,J)=TEMP

1N

BII)=B{I)/RNM(T)
BC 729 J=1,N
A(T,J)=AA(1,J)/RM(])

CCNTINUE
RETURN
END

CATE Cl/19/617

SLV41120
SLV41130
SLv41140
SLv41150
SLV41160
SLV41170
SLv4118C
SLV41190
SLV4l2C0
SLv4lz2le
SLv4le2
SLV41230
Stvalzac
SLval25a@
SLV41260
SLV41270
SLv41280
SLV41290
SLv4l13Cq
SLv41310
SLv41220
SLv41330
SLv41240
SLV41350
SLv4l36C
Stvs4l1276
SLval3sq
SLv41290
SLV4140C
SLV41410
SLV41420
SLV41430
SLV4l44C
SLV41450
SLvala6C
SLV41470
SLV4148¢C
SLV414SC
SLV41500
SLV41510
SLV41520
SLVv41530
SLV41540
SLV41550
SLV4l560
SLva4l157¢C
SLv41580
SLV41590
SLV41¢é00
SLV4lélc



CESPLACEMENTS, U(RY AND ULX} IN CENTIMETERS,

TIME IN MICRCSECONDS.

R AND Z IN CENTIMETERS.

PCISSCN-S RATIO IS £.46C.

YCUNGS MOCULUS IS D.C24(MBARS),

DENSITY 1§ 1.69C{GM/CC)H.

TIVE

c.8cc
0.8CC
0.8CC
0.8CC
©0.80C
0.80C
C.8CC
0.800
0. 8CC
0. 80C
0.8GC
0.80C
0.80C
0. 8cC
C.80¢C
0.80C
C.8CC
0.80C
C. 8CC
Q. 80C
0. 80C
0.83C
0+8CC
0. 8C0
0.83C
0.80C
0.8CG
0. 80C
0.8GC
0.80C
0.80C
0. 80G
0.8CC
0. 8060
c.8CC
0.80C
C.800
0~8G0
0. 8C0
0.8CC
0.8cC
0. 8CC
C.80C
0.80C
€.80C
0. 8GC
0800
0.8CC
C¢.8cC
0.80C

0. 800
0.860
c.8cc
0.80C
€. 800
C.80C
0.8CC
0, 80C
0.860
04 80C
¢.8CC
C.8GC
0.8CC
0.8CC
0.80C
0. 8CC
C.80(
¢.80C
0.8CC
0.80C
0. 80C
0+ 80C

3.254
%.508
C.T62
1.01¢
1.27¢
1.524
1.77€
2.032
2.28¢
2.54C
2,194

Ge254
€.50¢
0.6z
1.01¢€
1.27¢
1.524
1.77¢
2.03¢
2.28¢€
2.54C
2.794

C.254
C.508
C.T62
1.01¢
1.27¢
1.524
1.77¢
2,032
2.28¢€
2.54C
2794
C.254
C.50¢
Ca.T62
1.01¢
1.27C
1.524
1.77¢
2.03:2
2.28¢
2.54C
27194

C.254

C.50€
C.762
1.01¢
1.27¢
1.524
1.77¢€
2.C32
2.20¢
2.54C
2.794

C.254
C.50€
€.76¢
l1.Cl1¢
1.27¢C
1.524
1.77¢
2.€3:2
2.28¢
2.54C
2.794

4 L{R}
TIME = 0.£0

C. Q.

G. 0.332CB824E-06
C. C.6641648E-C6
q. 0.1319349€-C5
C. 0.2583550E-CS
0. 0.5045406€E~C5
C. 0.98S7999E-C5
0. 0.1947C34E~C4
0. 0.3829505E-C4
0. 0.7586112E-C4
G. 0.1501C77e~C3
0. 0.2975557€-C3
Q.254 Q.

C.254 -0.2064787E-C7
C.254 -0,6683157E-C7
0.254 ~0.13761656-06
Ce254 -0,27719623E-C6
0.254 -0.5518886E-C6
€.254 -0.1103066E-C5
€.254 -0.,2213121£-C5
0.254 ~0.4455227¢E-C5
0.254 -0.8913597€~-05
€.254 ~-0.139301C€E-C4
0.254 0.3116974E-C4
0.5C8 0.

€.5C8 -0,1254535E-C8
0.508 -0.3208581E-08
0.5C8 -0.6256226E-08
0.508 <-0,1274747€-C7
C.5C8 -0.2546€79E-07
€.5C8 -0.5124459E-C7
0.508 -0.1024258E-C6
C.5C8 -0.20930076-C6
0.5C8 -0.4082137€-Cé6
0.508 -0.5262501E-C7
0.508 0.235323CE-C5
Q.782 0.

C.762 ~0.2841707€-10
0.782 -0.7120238E-10
0.762 -0.1374C2CE-C9
0.762 -0.,28C5216E-C9
£.762 -~0.5604521E-C9
€.762 -0.1128160E-C8
C.762 -0.2277481E-C8
0.762 -0.455€6968E-CH
C.762 -0.4978412E-C8
C.762 -0.,1101C24E-C8
0.762 0.3620681€E-C7
1.016 0.

1.016 -0.1845971¢~-12
1.016 -0.4722516€E-12
1.716 -=0.9218614E-12
1.0l16 -~-0.1881395E-11
1.016 -0.3757850€-11
1.016 ~0.75€4685€-11
1.016 ~0.1527C06£-1C
1.016 -0.2626993£-10
1.c16 -0.88£0888¢-11
1.016 0.9252912¢e-11
1.016 0.185C009¢-C9
1.270 G.

1.270 C.

1.270 0.

1.2710 C.

1.270 0.

1.211 c.

1.270 a.

1.2710 -Q.

1.270 -0.

1.270 c.

1.270 0.

1.270 -cC.

utz)

SAMPLE QUTPUT

sie1l

SIGRR

- — — Four Cycles of Output are Omitted — ~ ~

0.7120652E-04
0.7120652E-04
0.7155955E-04
C.7229055E-04
0.7274751€-04
0.7¢60826E~04
0.8220555€~04
0.9320662E-04
0.1148901E-03
0.15774C4E-03
0.2425151€-023
0.4065528€-03
0.2092966E-04
0.20929&6E-04
0.2100745€~-04
0.2112791E-04
0.21389CBE-04
0.2190389€-04
0.2293497€-04
0.2500506€E-04
0.2917509€E-04
0.3760193E-04
0.5441318E-04
0.4C53570E-04
0.12303115E-05
0.1203115€-05
0.1308911€E-05
0.1217727E-05
0.1337043€-05
0.13750S7€E-05
0.1451545E-05
0.16053C4E-05
0.1915611E-05
0.2523616E-05
0.2862895E~-05
0.2811371£-05
0.2565151€E-07
0.2565151€-07
0.2577566E-07
0.2597051E-07
0.2€39853£-07
0.2724146E~07
0.2893636E-07
0.3234637E-07
0.3521099€-07
0.4559829E-07
0.4389328€-07
0.4278301€-07
0.1544618E-09
0.1544618E-09

0.1552765E-09
0.1566033E-09
0.1595237€-09
0.1€652555€-09
0.1767920E-09
0.1599967E-09
C.2409751£-09
0.256C958E-09
0.2C72381€-09
0.2164910€-09

-0.,2193067E-04
-0.218GC658E-04
~0.2180658E-04
~C.2180658E-04
~0.2180658E-04
-0.2180658E-04
-0,2180658E~04
-0.2180658E-04
-0.2180658E~04
-0.218C658E-04
~0.2180658E-04
~0.2616414E-03
-0.8617329£-05
~0.8634475€-05
~0.8680022E-05
~0.8759358E-05
=0.8924694E-05
-0.,9252496¢-05
=0.9907556E-05
=0.1122065¢-04
~0.1383191€-04
-0.1763232E-04
-0.6281C59E~05
=0.27137006-04
~0.5608490-06
~0.5615791£~06
~0.5646067E-06
=0.5698548E-06
-C.5808791E-06
-0.6027946E-06
~0.64867411E-06
-0.7350878E-06
=0.9072194E~06
-0.9693410€-06
~043395509E~06
-0.2013897€~05
-0.1119531€-07
-0.1121130€-07
-0.1127684E-07
-0.113942%9E~07
-0.1164115E-07
~0.1213144E-07
=0.1311559€E-07
~0.1507490E-07
~0.174€517E-07
-0.2038502E-07
-0.5263597E-08
~0,3C97223€-07
-0.6782617E-10
~0.6793366E-10

-0.6837080€~10
-0.6916997€-10
-0.7085461E~10
-0.7419540E~10
-0.8090316E-10
~0+9265739E~-10
~0.1004293€-09
-0.1234864E-09
~0.2488934E~10
~0.1578136E-09

STGPHP

0.21807E-C4

-0.1864172E-C4
-0.1851763€-04
-0.1847874E-04
-0.1839949E-04
~0.1824394E-04
~0.1793612E-04
~0.1733264E-04
-0.1614445E-04
-0.138C134€-04
~0.9173968€-05
-0.6821210€~12
-0.25719226-03
~0.7343209€-05
-0.7361975€-C5
~0.7404462E~-05
-0.7481C13€-05
-0.7636412€6-05
-0.7954199€~-05
~0.8583540E-05
-0.9845670€-05
-0.1235C12€E-04
-0.1567868E-04
-0.2557954E~12
-0.26711C3E-C4
~0.4775112€-Q6
~0.4786868E-06
~0.4Bl4168E-06
~0.4862286E-06
-0.4965301€-06
-0.5168759E-06
-0.5576803E-06
-0.6397456E-06
-0.7982036E-06
-0.7854517E-06
=0.2486900E-13
-0.1586904E~-05
-0.9540167€-08
-0.9557089E-08
=0.9616134E-08
-0.9726004€-08
-0.9954111£-08
-0.1040872E-07
-0.1132127€-07
-0.1312393€E-07
=0.1495989£-07
-0.16929C0€E~C7
~0.1110223E-15
-0.3055893£~07
-0.5780006€-10
~0.5791425€6-10

-0+583CB9TE~-10
-05905506€~10
=0.6060949€E-10
-0.6370324E-10
~0+6991463E-10
~0.8037494E-10
-0.8363757E~10
-0+1C3C66T7E-09
-0.1084202€~17
-0.1557671€-09

0.

0.

-C.18¢€6330E-04
-0.1851763€-C4
-0.1849974E-04
~0.1845306E-C4
~0.1836196E-C4
~0.1818590E-04
~0.1784752€-04
-0.1719356E-C4
-0.1582427€-04
-0.1345129E-C4
~0.86C6778E-C5
-C0.236C969€-C3
~C.7341847€-05
-0.7360354E-C5
-0.74C2033E-05
~0.7474923€-C5
~0.T7626064E-CS
-0,7925553€~C5
-0.8523347€-05
-0.,9720507¢&-05
-0.12C9658€-04
~0.15417C3E-C4
-C.3021459€-05
-0.245C123€E-C4
~0.,AT78297E-C6
~0.4786414€-06
-0,4813230€E-C6
~C.4BE0422€-06
~C.4959106E-06
-G.5155317€~C6
~0.5548442€E-C6
-C.6338252E-C6
~0.7869769£-06
~C.8115082€-C6
-0.1566928E-~06
-0.182C070E~-C5
-0.9538321E-C8
~0.9556155E-C8
-0.9614146E-08
~C.9719680€-C8
~0.9940476E-08
-0.1037911E-C7
-0.112588Q0€-07
-0.1300693E-C7
-0.1496962€E-C7
-0.1721693€-07
-0.2431702E-C8
-0.27992C3E-C7
-0.5778807€E-10
~0.5790755€-10

-C.5829510E-10
~0.59C1267€-10
-0.6051811€-10
-0.6350469E-10
-0.6949581E-10
-0.7980185E-10
~0.8498234E-10
~C.1043078E-09
-0.1136130€-10
~0.1426513€E-09

SIGRZ

Q.
C.4105C88E-1¢
~0.2838375E-13
0.1782781E-13
Q.
0.9383557E~-14
~0.1876611E~-13

C.
C.1501289E-13
C.

Q.
~C.2118625E-04
C.
0.3167766E-C8
0.5981521€~-08
0.1275482E-07
0.2532094€-07
0.5060925€E-07
0.1014429E-06
0.2040519€-06
0.4117864E-06
0.8226334E-C6
-0.2211174E~-05
G.
0.2281862E-09
0.3883936E-09
0.8264742€E~09
C.lb641616E-08
0.3293404E-C8
0.6624674E-08
0.1336975E-C7
0.264C9276-07
0.2612714E-C7
~0.8356786E-1%5
-0.1658075€e-C6
0.
0.4951630E-11
0.8629776E-11
0.1835581€-10
0.3643099E-10
0.7316279€-10
0.1472166E-09
0.2965653E~09
0.4847425E-09
~0.2389779€E-10
=0.2748943E-17
-0.2555649E-08

0.
0.324698CE-13

0.5845880E-13
0.1248487E-12
0.2473834€-12
0.4969712€-12
0.9998141E-12
0.1827727€E~-11
0.2644689E-11
-0.,2599399E-11
-0.2863482€E-19
~0.1304600€-10
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NOTES AND DEFINITIONS

Input data (cards 005-007)

MM is the number of time increments the program computes before
output is again obtained.

LIMITI is the number of radial zones,
LIMITT is the total number of time increments.,
LIMITZ is the number of axial zones.

JZCAL is the approximate number of axial increments that are
computed beyond the front of the wave.

JZWRT is the number of axial increments the program computes
before output is again obtained.

PO is the magnitude of the step in pressure at z = 0,
IBCD either equals 1 or 2

IBCD
IBCD

1 for a free end at z = L
2 for a fixed end at z = L,

]

XNU is the Poisson ratio (V),

Frequently used constants (cards 008-016)

Output formats (cards 017-031)

These statements produce the output shown at the top of page 10.

Set initial conditions (cards 032-036)

Time base (cards 038-039)

TIME = FM*DT

Pressure condition (cards 040)

Any arbitrary time dependence of the applied pressure (PO) at z = O
can be inserted here,
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Equations of motion (cards 043-066)

Cards 048-066 are equations (40) of Bertholf's thesis.

Boundary conditions (cards 074-177)

JJ is the largest number of axial increments for which boundary
conditions are necessary.

Cards 078-082 are the r = 0 conditions for proper behavior.

~ Cards 084-088 are the boundary conditions for a fixed end at
z = L, These are equations (88) and (89) of Bertholf's thesis.

Cards 091-129 are the boundary conditions for a free end at
z = L. These are equations (86) of Bertholf's thesis. This
option has not been used in the present computation. These
equations are rewritten in the following system:

(AA) (XX) = (BB)

where XX(1) is defined as shown in cards 122-125., This linear
system is solved by using the subroutine SSOLVE .*

Cards 131-165 are the boundary conditions for a pressure at

z = 0, These are equations (80) and (81) of Bertholf's thesis
which are rewritten in the system (A) (X) = (B). The method is
the same as used for a free end at z = L. In fact, the same
subroutine was used with a different name--SOLVE., This is done
so that the inverse for each matrix can be calculated and stored
separately.

Cards 166-173 are the boundary conditions at r = R, These cards
are equations (44) of Bertholf's thesis,.

Reset initial conditions (cards 178-184)
Output statements (cards 185-198)

These statements yield the values shown on the output pages
included immediately after the program listing.

%
SSOLVE is a suitable adaptation of SOLVE, It was not used in the
computation described here.
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INC (see card 075) is the number of radial increments the program
computes before output is again obtained. For INC = 11, only the
surface values are given in the output, For INC = 1, values are
printed for all R.

U(R( is radial displacement at (r,=z,t)

W(R) is axial displacement at (r,z,t)

SI1GZZ = o
zZZ
. SIGRR = Oy
SIGPHP = o
SIGRZ = Oz

0,7, €tc. are components of the stress matrix at (r,z,t), positive
in tension,
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